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Abstract
We investigate the possible contribution of Majorana neutrinos to B meson decays in an effective
interaction formalism, in the mass range 0.5 GeV < mN < 5 GeV. We study the decay of the B−
meson via B− → µ−µ−pi+ at LHCb, which is a signal for leptonic number violation and the presence
of Majorana neutrinos, and put bounds on different new physics contributions, characterized by
their Dirac-Lorentz structure. We also study the bounds imposed by the radiative B decay (B− →
µ−νγ) results from Belle. The obtained bounds are more restrictive than previous values found for
dimension 6 four-fermion contact vectorial and scalar Majorana neutrino interactions in the context
of the Left-Right symmetric model for higher Majorana masses at the LHC, showing that the direct
calculation of the effective N interactions contribution to different processes can help to put more
stringent bounds to different UV-complete models parameterized by an effective Lagrangian.
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I. INTRODUCTION.
The search for particles beyond the standard model (SM) content has been extensive in
the past few years, among them sterile Majorana neutrinos N , which appear as a natural
consequence in several SM extensions. The discovery of neutrino oscillations suggests that
the standard neutrinos are massive particles. One of the possible ways to generate their
mass is the seesaw mechanism [1–5], which introduces at least one right handed singlet and
produces Majorana neutrinos. In this way one obtains masses for the standard neutrinos
mν ∼ Y/MN of order 10−2 eV compatible with current oscillation data, assuming sufficiently
heavy Majorana masses (MN ∼ 1015 GeV) and convenient Yukawa couplings of order Y ∼ 1.
On the other hand, for smaller Yukawa couplings of order Y ∼ 10−8−10−6, sterile neutrinos
with masses around MN ∼ (1 − 1000) GeV could exist. However, in the simplest Type-I
seesaw scenarios, a major drawback is that the left-right mixing parameters UlN (l = e, µ , τ)
need to be negligibly small U2lN ∼ mν/MN ∼ 10−14 − 10−10 in order to account for light ν
masses [6, 7]. The mixings UlN weight the coupling of the heavy N with the SM particles,
in particular with charged leptons through the V − A interaction
LWV−A = −
g√
2
UlNN cγ
µPLlW
+ + h.c., (1)
so this leads to the decoupling of the Majorana neutrinos. However, the observation of any
lepton number violating (LNV) process would point to the Majorana nature of the exchanged
fermion. Recent approaches consider a toy-like model in which the SM is extended by
incorporating a massive Majorana sterile fermion, assumed to have non-negligible mixings
with the active states, without making any hypothesis on the neutrino mass generation
mechanism [8, 9]. Such a minimal SM extension leads to contributions to LNV observables
which are already close, or even in conflict, with current data from meson and tau decays,
for Majorana masses MN below 10 GeV (see [8, 10] and the references therein). So, also
from the experimental point of view, the simple SM extensions which attribute LNV only to
the mixing between heavy Majorana states and the active neutrinos are facing increasingly
stringent constraints.
As suggested in [11], the detection of Majorana neutrinos (N) would be a signal of physics
beyond the minimal seesaw mechanism, and its interactions could be better described in a
model independent approach based on an effective theory. One can think of an alternative
treatment and consider the Majorana neutrino interactions as originating in new physics
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described by an unknown underlying renormalizable theory valid at a higher energy (UV)
scale and parametrized at low energies by a model independent effective Lagrangian. In this
approach, we consider that the sterile N interacts with the SM particles by higher dimension
effective operators, taking these interactions to be dominant in comparison with the mixing
with light neutrinos through the Yukawa couplings, which we neglect [12–19]. We depart
from the usual viewpoint in which the mixing with the standard neutrinos is assumed to
govern the N production and decay mechanisms. Here, for simplicity, we consider a scenario
with only one Majorana neutrino N and negligible mixing with the νL.
The different operators in the effective Lagrangian, with distinct Dirac-Lorentz structure,
parameterize a wide variety of UV-complete new physics models, like extended scalar and
gauge sectors as the Left-Right symmetric model, vector and scalar leptoquarks, etc. Thus,
discerning between the possible contributions given by them to specific processes gives us
a hint on what kind of new physics at a higher energy regime could be responsible for the
observed interactions.
Observable effects of the existence of sterile Majorana neutrinos such as lepton number
violation have been sought thoroughly in hadron colliders like the LHC, e+e− and ep colliders,
low energy high precision experiments as neutrinoless double beta decay searches (0νββ)
among others (for comprehensive reviews see [6, 20] and references therein). In particular,
heavy flavor meson decays could be the place where for the first time the Majorana neutrino
effects were observed or, in the absence of a discovery, this fact can be used to set limits for
its coupling to SM particles. N -mediated lepton number violation in rare B meson decays
has been studied, for example, in [7, 8, 21–28], and the references therein. Concerning
the resonant production of Majorana neutrinos in semileptonic pseudoscalar meson three-
body decays, the recently measured branching ratio Br(B− → µ−µ−pi+) < 4 × 10−9 for
intermediate neutrinos with lifetimes τN shorter than 1 ps at the LHCb experiment [29]
gives the currently more stringent bounds on the mixing parameter |UµN |2 in the case of the
minimal SM extension by one Majorana neutrino (e.g. [8, 30]) for Majorana masses in the
range 2.5 .MN . 5 GeV.
In this paper we aim to exploit the recent B-decay data to constrain the possible values of
the couplings that weight the contribution of different effective operators to the Majorana-
mediated same sign dilepton B-decay B− → µ−µ−pi+ and the radiative leptonic muon-mode
B− → µ−νγ. The LHCb collaboration has presented model independent upper limits on the
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branching ratio of the first process [29, 31], and the Belle collaboration has set new limits
on the integrated differential width of the B− → µ−νγ decay [32]. The obtained bounds
(for 0.5 . mN . 5 GeV) are more restrictive than previous values obtained for dimension
6 four-fermion contact vectorial and scalar Majorana neutrino interactions in the context
of the Left-Right symmetric model for higher Majorana masses [33], and constrain the
perspectives of discovery of Majorana neutrinos with effective interactions with GeV-scale
masses by direct production in colliders and meson decays [17, 34, 35].
The paper is organized as follows. In Sect. I A we introduce the effective Lagrangian
formalism. In Sect. II we present the analytical results for the B− → pi+µ−µ− branching
ratio and the B− → µ−νγ decay in this formalism. In Sect. III we discuss our numerical
results for the obtained bounds, and in Sect.IV we make our final comments. The details of
the calculations are presented in Appendices A, B and C.
A. Majorana neutrino effective interactions.
An appropriate way to include the Majorana neutrino into the theory is to extend the
SM Lagrangian. In this work we consider an effective Lagrangian in which we include only
one relatively light right handed Majorana neutrino N as an observable degree of freedom.
The new physics effects are parameterized by a set of effective operators OJ constructed
with the SM and the Majorana neutrino fields and satisfying the SU(2)L ⊗ U(1)Y gauge
symmetry [36].
The effect of these operators is suppressed by inverse powers of the new physics scale Λ.
The total Lagrangian is organized as follows:
L = LSM +
∞∑
n=5
1
Λn−4
∑
J
αJO(n)J (2)
where n is the mass dimension of the operator O(n)J .
Note that we do not include the Type-I seesaw Lagrangian terms giving the Majorana and
Yukawa terms for the sterile neutrinos. The dominating effects come from the lower dimen-
sion operators that can be generated at tree level in the unknown underlying renormalizable
theory.
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The dimension 5 operators were studied in detail in [37]. These include the Weinberg
operator OW ∼ (L¯φ˜)(φ†Lc) [38] which contributes to the light neutrino masses, ONφ ∼
(N¯N c)(φ†φ) which gives Majorana masses and couplings of the heavy neutrinos to the
Higgs (its LHC phenomenology has been studied in [39, 40]), and the operator O(5)NB ∼
(N¯σµνN
c)Bµν inducing magnetic moments for the heavy neutrinos, which is identically zero
if we include just one sterile neutrino N in the theory.
In the following, as the dimension 5 operators do not contribute to the studied processes
-discarding the heavy-light neutrino mixings- we will only consider the contributions of the
dimension 6 operators, following the treatment presented in [11]. We start with a rather
general effective Lagrangian density for the interaction of right-handed Majorana neutrinos
N including dimension 6 operators.
The first operators subset includes those with scalar and vector bosons (SVB),
O(i)LNφ = (φ†φ)(L¯iNφ˜), ONNφ = i(φ†Dµφ)(N¯γµN), O(i)Nlφ = i(φT Dµφ)(N¯γµli) (3)
and a second subset includes the baryon-number conserving four-fermion contact terms (4-f):
O(i)duNl = (N¯γµli)(d¯iγµui), O(i)fNN = (N¯γµN)(f¯iγµfi), O(i)LNLl = (L¯iN)(L¯ili),
O(i)LNQd = (L¯iN)(Q¯idi), O(i)QuNL = (Q¯iui)(N¯Li), O(i)QNLd = (Q¯iN)(L¯idi),
O(i)LN = |N¯Li|2, O(i)QN = |Q¯iN |2 (4)
where li, ui, di and Li, Qi denote, for the family labeled i, the right handed SU(2) singlet
and the left-handed SU(2) doublets, respectively. The field φ is the scalar doublet. Also γµ
are the Dirac matrices, and  = iσ2 is the antisymmetric symbol.
One can also consider operators generated at one-loop (1-loop) order in the underlying
full theory, whose coefficients are naturally suppressed by a factor 1/16pi2[11, 41]:
O(i)NB = (L¯iσµνN)φ˜Bµν , O(i)NW = (L¯iσµντ IN)φ˜W Iµν (5)
Here Bµν and W Iµν represent the U(1)Y and SU(2)L field strengths respectively, and σµν is
the Dirac tensor.
The effective operators above can be classified by their Dirac-Lorentz structure into scalar,
vectorial and tensorial. The complete expression for the effective dimension 6 Lagrangian
terms 1 can be found in Appendix A in [16].
1 It must be stressed that the Majorana neutrino N is right-handed, so all the vector terms involve a (V +A)
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In this paper we will consider the B decays B− → µ−µ−pi+ in Sect. II A and B− →
µ−νγ in Sect. II B, mediated by an on-shell Majorana neutrino N . We can thus take into
account the following effective Lagrangian terms involved in the B− → µ−N and N → µ−pi+
processes (from eqs. (3) and (4)):
L = LSM+ 1
Λ2
(
α
(i)
NlφONlφ+α(i)QuNLOQuNL+α(i)duNlOduNl+α(i)LNQdOLNQd+α(i)QNLdOQNLd
)
. (6)
The couplings α(i)O are associated to specific operators:
α
(i)
W = α
(i)
Nlφ, α
(i)
V0
= α
(i)
duNl,
α
(i)
S1
= α
(i)
QuNL, α
(i)
S2
= α
(i)
LNQd, α
(i)
S3
= α
(i)
QNLd. (7)
After spontaneous electroweak symmetry breaking, taking the scalar doublet as φ =
(
0
v+h√
2
)
,
with h being the Higgs field and v its vacuum expectation value, we can write the Lagrangian
(6) terms involved in our calculation (and its charge conjugate), as
L = LSM + 1
Λ2
{
− α(i)W
v mW√
2
liγ
νPRN W
−
µ + α
(i)
V0
u′iγ
νPRd
′
i liγνPRN
+α
(i)
S1
u′iPLd
′
i liPRN − α(i)S2 u′iPRd′i liPRN + α
(i)
S3
u′iPRN liPRd
′
i + h.c.
}
. (8)
Here the quark fields are flavor eigenstates with family i = 1, 2, 3. In order to find the
contribution of the effective Lagrangian to the B− → µ−N and N → µ−pi+ decays, we must
write it in terms of the massive quark fields. Thus, we consider that the contribution of
the dimension 6 effective operators to the Yukawa Lagrangian are suppressed by the new
physics scale with a factor 1
Λ2
, and neglect them, so that the matrices that diagonalize the
quark mass matrices are the same as in the pure SM.
Writing with a prime symbol the flavor fields, we take the matrices UR, UL, DR and DL to
diagonalize the SM quark mass matrix in the Yukawa Lagrangian. Thus the left- and right-
handed quark flavor fields (subscript i) are written in terms of the massive fields (subscript
β) as:
u
′
(R,L)i = U
i,β
(R,L)u(R,L)β , u
′
(R,L)i = u(R,L)β(U
i,β
(R,L))
†
d
′
(R,L)i = D
i,β
(R,L)d(R,L)β , d
′
(R,L)i = d(R,L)β(D
i,β
(R,L))
†. (9)
interaction.
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With this notation, the SM VCKM mixing matrix corresponds to the term V αβ =∑3
i=1(U
iα
L )
†DiβL appearing in the charged SM current J
µ
CC = u
α
L V
αβγµPLd
β
L.
For the N → νγ decay, the considered Lagrangian terms come from one-loop level gen-
erated tensorial operators:
L1−loopeff =
−i√2v
Λ2
(α
(i)
NBcW + α
(i)
NW sW )(P
(A)
µ ν¯L,iσ
µνNR Aν). (10)
where −P (A) is the 4-momentum of the outgoing photon, sW and cW are the sine and cosine
of the weak mixing angle, and a sum over the neutrino family index i is understood. The
couplings α(i)NB and α
(i)
NW correspond respectively to the operators in (5).
II. N MEDIATED B DECAYS.
We first consider the lepton number violating B− → µ−µ−pi+ decay shown in Fig. 1. This
LNV process is strictly forbidden in the SM and when mediated by a Majorana neutrino N
it allows to probe masses up to mN = 5 GeV. Also, the radiative muon-mode B− → µ−νγ
shown in Fig. 4 is well suited to probe this mass range, as the N → νγ channel dominates
the total N decay with for Majorana masses up to 30 GeV [15].
b
u¯
B−
u
d¯
pi+
N
µ−
I
µ−
II
FIG. 1: Schematic representation for the effective contribution to the decay
B− → µ−µ−pi+.
We calculate the decay of the B− meson for the two studied processes in two stages.
Firstly we obtain the decay of B− to a muon µ− and a Majorana neutrino N . Secondly, we
calculate the decay of N → µ−pi+ and the radiative decay N → νγ.
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Nl
u, l¯
d¯, ν¯
W
N
l
u, l¯
d¯, ν¯
N
γ
ν
N
ν
u, d
u¯, d¯
FIG. 2: Schematic representation for the low mass Majorana neutrino decay channels.
The decay width of the B− meson is obtained in both cases in the following way
Γ(B− → µ−µ−pi+) = Γ(B− → µ−N)Br(N → µ−pi+), (11)
with Br(N → µ−pi+) = Γ(N → µ−pi+)/ΓN (12)
and
Γ(B− → µ−νγ) = Γ(B− → µ−N)Br(N → νγ), (13)
with Br(N → νγ) = Γ(N → νγ)/ΓN ,
where ΓN is the total decay width for the Majorana neutrino. This is equivalent to calculat-
ing the whole decay process assuming an on-shell intermediate Majorana neutrino. For the
N decay width we include all the kinematically allowed channels for a Majorana neutrino of
mass in the range 0.5 GeV < mN < 5 GeV which are depicted in Fig.2. In our calculation
we keep all the final-state masses.
The details of the calculation of the total N decay width are described in [16]. In Figs.3a
and 3b we present the results for the total width ΓN for the different sets of effective cou-
plings, as will be described in Sect. III A.
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FIG. 3: Total ΓN width for different coupling sets in Tab.I. The curves for sets 1, 2 and 3
overlap.
A. The B− → µ−µ−pi+ decay
We start with the calculation of the B− → µ−N decay width in (11). The Lagrangian
terms contributing to the B− → µ−N decay can be explicitly displayed in terms of the
massive up and b quark fields in (9) as:
L = LSM + 1
Λ2
{
− α(2)W
v mW√
2
µγνPRN W
−
ν + α
(2)
V0
U12 ∗R D
23
R uγ
νPRb µγνPRN
+α
(2)
S1
U12 ∗R D
23
L uPLb µPRN − α(2)S2 U12 ∗L D23R uPRb µPRN
+α
(2)
S3
U12 ∗L D
23
R uPRN µPRb
}
, (14)
The new quark flavor-mixing matrix element products of UR,L and DR,L can be renamed for
simplicity as
Y ubRR ≡ U12 ∗R D23R , Y ubRL ≡ U12 ∗R D23L , Y ubLR ≡ U12 ∗L D23R . (15)
In Appendix A we show the details of the calculation leading to the decay width ΓB→µN .
The result is
ΓB→µN =
1
16pimB
(
fBm
2
B
2Λ2
)2 {|AV |2 [(1 +Bµ −BN)(1−Bµ +BN)− (1−Bµ −BN)]
+ |AS|2 (1−Bµ −BN)
(
√
Bu +
√
Bb)2
+ (A∗SAV + A
∗
VAS)
√
Bµ(1−Bµ +BN)
(
√
Bu +
√
Bb)
}
×
√
(1−Bµ +BN)2 − 4BN , (16)
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where Bµ = m2µ/m2B, BN = m2N/m2B, Bu = m2u/m2B, Bb = m2b/m2B, and
AV =
(
α
(2)
V0
Y ubRR + α
(2)
W V
ub
)
AS =
(
α
(2)
S1
Y ubRL + (α
(2)
S2
+
1
2
α
(2)
S3
)Y ubLR
)
. (17)
The effective couplings in AV,S -as the subscript indicates- correspond to vectorial and scalar
interactions.
Also from the Lagrangian in (14), but changing the b quark fields by d quarks, we find
the decay width for the N → pi+µ− process pictured in Fig. 1 to be
Γ(N → pi+µ−) = 1
16pimN
(
fpim
2
N
2Λ2
)2 {
|CV |2 [(1− Pµ − Ppi)(1− Pµ + Ppi)− Ppi(1 + Pµ − Ppi)]
− (C∗SCV + C∗VCS)
Ppi
√
Pµ√
Pu +
√
Pd
(1− Pµ + Ppi)
+ |CS|2 P
2
pi(√
Pu +
√
Pd
)2 (1 + Pµ − Ppi)}√(1− Pµ − Ppi)2 − 4Ppi, (18)
where Pµ = m2µ/m2N , Ppi = m2pi/m2N , Pu = m2u/m2N , Pd = m2d/m2N , and 2
CV =
(
α
(2)
V0
Y udRR + α
(2)
W Vud
)
CS =
(
α
(2)
S1
Y udRL + (α
(2)
S2
+
1
2
α
(2)
S3
)Y udLR
)
. (19)
The details of the calculation are presented in Appendix B.
Finally the decay width for the B− meson Γ(B− → µ−µ−pi+) is calculated according to
(11) and (12), allowing us to obtain the effective branching ratio:
Breff (B− → µ−µ−pi+) = Γ(B
− → µ−N)
ΓB
Γ(N → µ−pi+)
ΓN
. (20)
which we compare with the experimental results [29].
B. The B− → µ−νγ decay.
The SM radiative leptonic B decays have been extensively studied in the literature [42–
47], as they are a means of probing the strong and weak SM interactions in a heavy meson
2 Again, the effective couplings in CV,S correspond to vectorial and scalar interactions.
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system. The measurement of pure leptonic B decays is very difficult due to helicity sup-
pression and the fact of having only one detected final state particle. On the other hand the
radiative modes, with an extra real final photon, can be even larger than the pure leptonic
modes as they escape helicity suppression and are also easier to reconstruct.
b
u¯
B−
ν
II
γ
N
µ−
I
pN
p1 p2
k
q
FIG. 4: Schematic representation for the effective contribution to the decay B− → µ−νγ.
The Belle collaboration has recently released an analysis of the full Belle experiment
dataset [32] using new theoretical inputs [47] for the QCD calculations and new algorithms
prepared for the Belle II experiment. They obtain the experimental bound ∆BrexpB−→µ−νγ <
3.4× 10−6 for the integrated partial branching ratio of the muon-mode radiative B decay.
We consider the SM and the effective contribution coming from the B → µN followed
by N → νγ reaction as pictured in Fig. 4, and use the Belle bound to set limits on the
one-loop generated effective couplings involved in this last decay mode, as will be discussed
in Sect. III A.
Again the details of the calculations are presented in Appendix C. There, we obtain the
SM value ∆BrSM ∼ 5 × 10−7, which is of the order of the values recently considered in
ref. [48]. The effective contribution to the B− → µ−νγ decay is found by integrating the
following expression
∆Breff =
∫ Emaxγ
Eminγ
dEγ
dΓ(B→µνγ)
dEγ
= Γ(B→µN)Br(N → νγ)(E
max
γ − Eminγ )
ENβN
(21)
for the allowed range of photon energies, with a minimal infrared cut (to ensure a valid QCD
treatment) set to Ecut = 1 GeV, as considered in the Belle experiment.
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III. RESULTS AND DISCUSSION
A. Numerical treatment
The aim of this work is to study the bounds that can be set on the different couplings αJ
in the effective dimension 6 Lagrangian (2) involved in N mediated B decays by exploiting
the experimental results existing on the B− → µ−µ−pi+ [29] and B− → µ−νγ [32] processes.
The numerical value of the couplings αJ can be constrained considering the current
experimental bounds on the light-heavy neutrino mixing parameters in low scale minimal
seesaw models appearing in the charged interaction in (1). Inspired in this interaction we
consider the combination
U2 = (αv2/(2Λ2))2 (22)
which is derived from the contribution of the operator O(i)LNφ in (3) and allows a direct
comparison with the mixing angles in the Type I seesaw scenarios [7].
Some of the operators involving the first fermion family (with indices i = 1) are
strongly constrained by the neutrinoless double beta decay bounds, currently obtained by
the KamLAND-Zen collaboration [49]. Following the treatment already made in [16], the
values of the 0νββ-decay constrained couplings α(1)W , α
(1)
V0
, α
(1)
S1,2,3
are taken as equal to the
bound αb0νββ = 3.2×10−2
(
mN
100GeV
)1/2 for Λ = 1 TeV. These operators appear as contributions
to the ΓN width.
The B to final muon decays studied in this work allow us to set bounds on the couplings
involving the second fermion family (generically α(2)J ). As we found in Sect. II, the B → µ−N
effective decay depends on the couplings appearing in the vectorial (AV ) and scalar (AS)
interactions in (17), the N → µ−pi+ depends on the CV and CS couplings in (19) and the
N → νγ depends on the one-loop tensorial couplings in (10).
The new quark flavor-mixing matrices combinations3 Y qq′ appearing in the first two cases
are unknown, and in principle their entries may be found by independent measurements, as
is done in the case of the SM VCKM matrix. In this occasion we will make an ansatz and
consider that all the Y ub values in (15) shall be of the order of the SM V ub value, taking it
as a measure of the strength of the coupling between the u and b quarks. Correspondingly,
3 Y qq
′
are defined in (15) for the q = u, q′ = b case, and analogously in (19) for q = u, q′ = d.
12
Operators Couplings Type Set1 Set2 Set3 Set4 Set5 Set6
OLNφ, OduNL α(2)W α(2)V0 V 1 1 0 1 1 0
OQuNL, OLNQd, OQNLd α(2)S1 α
(2)
S2
α
(2)
S3
S 1 0 1 1 0 1
ONB, ONW α(2)NB α(2)NW L 1 1 1 0 0 0
TABLE I: Effective operators benchmark sets.
we will consider the Y ud values to be of the order of the SM V ud CKM mixing.
This allows us to consider AV and AS in (16) and CV and CS in (18) for the numerical
treatment as
AV =
(
α
(2)
W + α
(2)
V0
)
V ub CV =
(
α
(2)
W + α
(2)
V0
)
V ud
AS =
(
α
(2)
S1
+ α
(2)
S2
+
1
2
α
(2)
S3
)
V ub CS =
(
α
(2)
S1
+ α
(2)
S2
+
1
2
α
(2)
S3
)
V ud (23)
and set bounds on the possible values of these effective couplings using the B-decay data.
As we would like to disentangle the kind of new physics contributing to the Majorana neu-
trino interactions, for the numerical analysis we will consider different benchmark scenarios
for the effective couplings, where we switch on/off the operators with distinct Dirac-Lorentz
structure: vectorial, scalar and the tensorial one-loop generated operators. If we call (V, S, L)
the factors multiplying the vectorial, scalar and one-loop generated operators respectively,
we can define six sets, presented in table I.
In order to exploit B-decay data to put bounds on the effective couplings in table I, we
will take them as equal to the same value α, and use the experimental results constraining
the value of the combination U2 defined in (22). We have α = 2Λ2/v2
√
U2 for the tree-level
generated operators (which are the vectorial and scalar operators), and in the case of one-loop
generated operators we have α = 1
16pi2
2Λ2
v2
√
U2. This allows us to write the numerical results
for the total Majorana neutrino decay width ΓN , the branching ratio Breff (B− → µ−µ−pi+)
in (20) and the integrated effective branching ratio ∆Breff (B− → µνγ) in (21) as a function
of the Majorana neutrino mass mN and the U2 combination.
Sets 1, 2 and 3 in Tab. I take into account the contributions of the one-loop generated
effective couplings in (10) to the N decay width. In particular these sets allow for the
existence of the N → νγ decay channel represented in Fig. 2. As we found in [16], this
channel gives the dominant contribution to the N decay width for the low mass mN range
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considered in this work. Sets 4, 5 and 6 discard this contribution. As can be seen in Fig. 3,
the total ΓN width is around three orders of magnitude higher in sets 1, 2 and 3 (Fig.3a) than
in sets 4, 5 and 6 (Fig.3b). In fact, as the scalar and vectorial couplings contribution to the
N decay in this mass range is so poor, the three curves in Fig.3a cannot be distinguished in
the plot scale. This effect in the ΓN value will explain many of the differences in the bounds
we obtain for the U2 combination when we consider one group of sets or the other, as will
be discussed below.
B. Obtained bounds
We start by discussing the bounds obtained from the LHCb results on the B− → µ−µ−pi+
decays. The LHCb collaboration has presented a search for Majorana-mediated B− →
µ−µ−pi+ decays [29], where they obtain model independent limits on the branching ratio
Br(B− → µ−µ−pi+) = Br(B− → µ−N).Br(N → µ−pi+) as a function of the Majorana
mass mN and lifetime τN , ranging from 1 to 1000 ps. The results are presented in their
figure 5, where they show the upper limits obtained for the above product, at 95%C.L.
 
Br
 (U
pp
er
 li
m
it)
10−10
10−9
10−8
10−7
10−6
 
mN [GeV]
1 2 3 4 5
 1ps    100ps   500ps
 10ps  200ps   1000ps
FIG. 5: Data on Br(B− → µ−µ−pi+) reproduced from Fig.5 in [29].
Following the procedure in ref. [50], we convert the model independent LHCb upper
limits on the branching ratio Br(B− → µ−µ−pi+) into limits on the combination U2 defined
in (22). For each value ofmN (which fixes the value of τN for a given U2 value in the effective
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FIG. 6: Upper bounds obtained for U2 from B− → µ−µ−pi+ decays[29], considering the
effective coupling sets defined in Table I. The black full line curve represents the revised
bound presented in [50] for |UµN |2.
model) we scan through the values of U2 for which our computed branching fraction (20)
equals the upper bound in ref. [29]. For the experimental values, we consider the data in Fig.
5, which reproduces the values presented in Figure 5 of ref. [29]. The obtained constraints
on the U2 values are presented in Fig. 6a for the coupling sets 1, 2 and 3 in Tab. I, and Fig.
6b for sets 4, 5 and 6. For comparison, in both figures we add the revised bounds obtained
by the authors in ref. [50], where they derive upper bounds on the Type-I seesaw mixing
angle |UµN |2 in (1) from the LHCb results.
As can be seen in the plots, the bounds we obtain for U2 in sets 1, 2 and 3 (Fig. 6a) are
weaker than those we get in sets 4, 5 and 6 (Fig. 6b). This is explained by the different ΓN
values in the two groups of sets discussed above: in the case of sets 4, 5 and 6, the value
of the branching ratio Breff (B− → µ−µ−pi+) in (20) is around 103 times higher, because
the ΓN factor in the denominator is lower than in sets 1, 2 and 3, and thus we obtain more
restrictive bounds for the U2 combination when we do not take into account the one-loop
generated effective couplings contribution.
On the other hand, among the sets in each figure, we find that we place stronger bounds
on the scalar couplings (considering their sole effect in set 6, and with one-loop couplings
in set 3). This is due to the presence of the light quark masses in the denominators of
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the scalar terms (B3), enhancing these contributions to the Br(B− → µ−N) in (16) and
the Br(N → µ−pi−) in (18). In sets 1 and 4 the contributions of the scalar and vectorial
couplings are considered together.
Regarding the behavior of the curves for Majorana masses mN near the B mass, in this
limit the decay B → µN is kinematically suppressed. This of course loosens the constraint
on U2, as can be seen in both Figs. 6a and 6b. A more detailed analysis of the decay
width Γ(B → µN) in (16) shows that the third term in the right hand side, involving the
product of vectorial and scalar operators, is the one going to zero more slowly in this limit:
while the sets 2 and 3 both give a null contribution from this term, as they put scalar or
vectorial operators equal to zero, set 1 keeps this contribution. This is why the curves for
sets 2 and 3 in Fig. 6a show similar behaviors, while the curve for set 1 still presents a
stronger constraint. The effect is not as big in the curves of Fig. 6b, given that in these
sets the different value of ΓN , as shown in Fig. 3b separates the curves for sets 5 and 6. We
have checked that the apparent close matching of the curves in Fig. 6a for set 1 and the
constraint found by the authors in ref. [50] does not originate with any particular physics
effect, but is a numerical coincidence caused by the limited data number and the finite
precision in the comparison with the theoretical prediction.
Now we present the bounds imposed on U2 by the Belle result on the radiative B → µνγ
decay. We compare the results obtained in Sect. II B for the expressions of the integrated
branching fractions for the B → µνγ decay: the SM ∆BrSM ∼ 5 × 10−7 in (C2) and the
effective ∆Breff in (21), with the Belle result [32].
We now scan for the values of U2 for which the complete theoretical value
∆Br = ∆BrSM + ∆Breff equals the upper bound ∆BrexpB−→µ−νγ < 3.4 × 10−6, for
each mass mN . The bounds we obtain for U2 from this procedure are presented in Fig. 7.
As the one-loop generated operators need to be non-zero to allow the B− → µ−νγ decay,
bounds are established just for the sets 1, 2 and 3. Again, we obtain stronger bounds on
the scalar operators, due to their contribution to the N production in B decay (16). These
bounds are compatible with and less restrictive than the ones obtained from the LNV
process B− → µ−µ−pi+ in Fig. 6a.
While the sensibility to effective interactions looks hard to improve for the case of the
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FIG. 7: Upper bounds obtained for U2 from B → µνγ decays [32].
B → µµpi decay measurements, we find there is room for new analyses concerning the
B → µνγ decay, specially in B factories. One can think of resonance searches using the B
mass and the e+e− beam energy to constrain the missing momentum and infer the N mass.
Also, in this lowmN range, as we found in [15, 16], the Majorana neutrino is long-lived, and it
would be possible to search for displaced photons together with a prompt lepton and missing
ET in the final state, a possibility we already explored for the LHC pp→ µνγ reaction in [17].
Other observables involving the final photon or charged lepton polarizations could improve
also the sensitivity to the different contributions from vectorial and scalar operators. As we
recently explored in [19], the study of final tau polarizations for the B → τνγ decay could
help disentangle vectorial and scalar contributions in the intermediate production process
B → Nτ .
For comparison with earlier work, we take the minimum values for U2 from Fig. 6 in
each set, and calculate the maximum allowed α value, considering the new physics scale to
be Λ = 1 TeV. The bounds obtained in this way are shown in Table II. The lower α ≤ 0.16
value is found (for mN = 2.26 GeV) in the coupling set 4, which considers vectorial and
scalar interactions. It grows to α ≤ 0.19 when only scalar interactions are included (set 6).
When one-loop generated interactions are also taken into account, the bound is relaxed to
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Set1 Set2 Set3 Set4 Set5 Set6
U2 6.7× 10−5 7.7× 10−3 6.7× 10−5 2.5× 10−5 1.3× 10−4 3.4× 10−5
α 0.26 2.8 0.26 0.16 0.36 0.19
TABLE II: The most stringent bounds on the tree-level effective couplings α from Fig. 6,
for Λ = 1 TeV.
α ≤ 0.26 in sets 1 and 3.
The α ≤ 0.16 bound should be compared for instance with the upper bound our group
considered for the calculation of the contribution of scalar and vectorial effective Majorana
interactions to the LNV same-sign dilepton signal pp → µ+µ+jj in the LHC [17]. In that
early work we estimated an upper bound α ≤ 0.3 coming from the heavy neutrinos search
results at Belle [51]. Other works also took into account the same bound for the calculation
of prospects for the observation of e+e− → νN → νγ at Belle-II and the ILC [34]. The
revision of these results is left for future work.
As we mentioned in the introduction, the effective dimension 6 operators parameterize a
wide variety of UV-complete models which introduce new degrees of freedom, as the Left-
Right symmetric model (LRSM). In ref. [33] bounds are obtained on the couplings of the
effective vector OduNl = OV0 and scalar OQNLd = OS3 four-fermion contact operators in (4).
The result is obtained performing a reinterpretation in terms of the LRSM model of the
LHC limits from heavy Majorana neutrino direct production at
√
s = 8 TeV in the dilepton
channel pp → W ∗R → Nµ± → µ±µ± + nj [52]. The most stringent bounds on αV0,S3 are
obtained considering Br(N → µX) ∼ 1, so that the N decays preferably to muons. These
are (taking Λ = 1 TeV for comparison) αV0 . 0.23 and αS3 . 0.45 for mN = 100 GeV.
The comparison suggests that the direct calculation of the effective N interactions contri-
bution to different processes can help to put more stringent bounds to different UV-complete
models parameterized by the effective Lagrangian in (2).
IV. FINAL REMARKS
We have considered heavy Majorana neutrinos coupled to the ordinary matter in a general
way by dimension 6 effective operators satisfying the SM electroweak symmetry. According
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to these interactions these neutrinos would be produced in the decay of B mesons, and
subsequently decay to standard particles. In particular, we exploited the non-observation of
the B− → µ−µ−pi+ decay in the LHCb [29] and put limits to the couplings of the different
effective operators contributing to this decay in the Majorana mass range 0.5 GeV < mN < 5
GeV. These upper bounds are presented in Fig. 6.
Also for this mN range, we have considered the bounds coming from the radiative decay
B− → µ−νγ by the Belle experiment [32]. This allows us to set bounds directly on the
one-loop generated operators. These bounds are compatible with and weaker than the ones
we derive form the LNV process B− → µ−µ−pi+ and are shown in Fig. 7.
The obtained bounds (for 0.5 . mN . 5 GeV) are more restrictive than previous values
obtained for dimension 6 four-fermion contact vectorial and scalar Majorana neutrino inter-
actions in the context of the Left-Right symmetric model for higher Majorana masses [33].
The comparison suggests that the direct calculation of the effective N interactions contribu-
tion to different processes can help to put more stringent bounds to different UV-complete
models parameterized by the effective interaction formalism. The obtained upper bounds
also constrain the perspective of discovery of Majorana neutrinos with GeV-scale masses by
direct production in colliders and meson decays [17, 34, 35].
Note added: While this manuscript was under revision, two works appeared concerning
the study of effective interactions involving right handed neutrinos, [53] and [54], where
bounds are obtained for some effective operators.
Appendix A: The B− → µ−N decay.
From the Lagrangian in (14), we find the amplitude for the process B− → µ−N is
M(B−→µ−N) = 〈Nµ−|L|B〉 = 1
Λ2
{
−α(2)W V ub 〈0|u¯γνPLb|B〉 〈Nµ|µ¯γνPRN |0〉
+α
(2)
V0
Y ubRR 〈0|u¯γνPRb|B〉 〈Nµ|µ¯γνPRN |0〉
+α
(2)
S1
Y ubRL 〈0|u¯PLb|B〉 〈Nµ|µ¯PRN |0〉
−α(2)S2 Y ubLR 〈0|u¯PRb|B〉 〈Nµ|µ¯PRN |0〉
+α
(2)
S3
Y ubLR 〈Nµ|u¯PRN µ¯PRb|B〉
}
, (A1)
The first term in the amplitude corresponds to the W -mediated diagram which includes a
SM vertex, giving the CKM V ub contribution. In the last term, we need to rearrange the
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field operators in order to put together the quark fields in a sandwich and the lepton fields
in another. So we make a Fierz transformation taking into account a minus sign from the
permutation of fermions, and then we replace it by
−1
2
α
(2)
S3
Y ubLR
[
〈0|u¯PRb|B〉 〈Nµ|µ¯PRN |0〉+ 1
2
〈0|u¯σµνPRb|B〉 〈Nµ|µ¯σµνPRN |0〉
]
.
The calculation of the leptonic matrix elements is straightforward,
〈Nµ|µ¯γνPRN | 0 〉 = u¯µ(p1)γνPRvN(pN)
〈Nµ|µ¯PRN | 0 〉 = u¯µ(p1)PRvN(pN) (A2)
In order to calculate the hadronic matrix elements, we have to rely on the symmetries
[55, 56]. The matrix element 〈 0|u¯γνγ5b| B 〉 is a Lorentz 4-vector because the B meson is
a pseudoscalar and u¯γνγ5b is a pseudo 4-vector. The meson state is described solely by its
four momentum qµ, since it has zero spin. Therefore, qµ is the only 4-moment on which the
matrix element depends and it must be proportional to qµ. Thus, we can write
〈 0|u¯γνγ5b| B 〉 = ifBqν . (A3)
On the other hand, for the same reason, the matrix elements of the 4-vector, the tensor and
pseudo-tensor are zero
〈 0|u¯γνb| B 〉 = 0,
〈 0|u¯σµνb| B 〉 = 0,
〈 0|u¯σµνγ5b| B 〉 = 0. (A4)
In the case of the matrix element of the scalar or pseudo-scalar interactions, we have to use
the Dirac equations of motion, and we obtain the relations for the current matrix elements
〈 0|u¯γ5b| B 〉 = −i m
2
BfB
mb +mu
(A5)
〈 0|u¯b| B 〉 = 0. (A6)
Putting it all together and integrating over the 2-body phase space, we obtain
ΓB→µN =
|M|2
16pim3B
√
(m2B +m
2
N −m2µ)2 − 4m2Bm2N , (A7)
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withM in (A1) giving
|M(B−→µ−N)|2 =
(
fBm
2
B
2Λ2
)2 {|AV |2 [(1 +Bµ −BN)(1−Bµ +BN)− (1−Bµ −BN)]
+
mµ
(mb +mu)
(A∗SAV + A
∗
VAS)(1−Bµ +BN)
+
m2B
(mb +mu)2
|AS|2(1−Bµ −BN)
}
(A8)
where
AV =
(
α
(2)
V0
Y ubRR + α
(2)
W V
ub
)
AS =
(
α
(2)
S1
Y ubRL + (α
(2)
S2
+
1
2
α
(2)
S3
)Y ubLR
)
. (A9)
The result is
ΓB→µN =
1
16pimB
(
fBm
2
B
2Λ2
)2 {|AV |2 [(1 +Bµ −BN)(1−Bµ +BN)− (1−Bµ −BN)]
+ |AS|2 (1−Bµ −BN)
(
√
Bu +
√
Bb)2
+ (A∗SAV + A
∗
VAS)
√
Bµ(1−Bµ +BN)
(
√
Bu +
√
Bb)
}
×
√
(1−Bµ +BN)2 − 4BN , (A10)
where Bµ = m2µ/m2B, BN = m2N/m2B, Bu = m2u/m2B, Bb = m2b/m2B.
Appendix B: The B− → µ−µ−pi+ decay.
Let us now calculate the decay N → pi+µ−. According to the Lagrangian (6) written in
terms of the massive u and d quarks as we did in (14), the amplitude for this process can
be written as
M(N→pi+µ−) = 〈pi+µ−|L|N〉
=
1
Λ2
{
− α(2)W Vud〈pi+|uγνPLd|0〉 〈µ−|µγνPRN |N〉
+α
(2)
V0
Y udRR〈pi+|uγνPRd|0〉 〈µ−|µγνPRN |N〉
+α
(2)
S1
Y udRL〈pi+|uPLd|0〉 〈µ−|µPRN |N〉
−α(2)S2 Y udLR〈pi+|uPRd|0〉 〈µ−|µPRN |N〉
+α
(2)
S3
Y udLR〈pi+µ−|uPRNµ−PRd|N〉
}
. (B1)
where we have defined the flavor-mixing matrix products Y ud in analogy with (15).
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The last term in (B1) also needs to be modified by means of a Fierz transformation. After
some algebra, it is written as
〈pi+µ−|uPRNµ−PRd|N〉 = −1
2
〈pi+|uPRd|0〉 〈µ−|µPRN |N〉.
In order to calculate the various factors in (B1), we make use of the definition for the pion
form factor
〈pi+|uγµγ5d|0〉 = ikµfpi, (B2)
and from this equation we obtain the following expressions
〈pi+|uγνPRd|0〉 = i
2
kνfpi, 〈pi+|uγνPLd|0〉 = − i
2
kνfpi
and 〈pi+|uPR,Ld|0〉 = ±i
2
m2pi
mu +md
fpi. (B3)
The contribution of the pseudo-scalar quark current to the matrix element of the ordinary
pion decay (B3) is enhanced in comparison with the standard chirality suppressed V − A
contribution and it is expected to be severely constrained by the experimental data. We
finally have for the squared amplitude
|M(N→pi+µ−)|2 =
(
fpim
2
N
2Λ2
)2 {
|CV |2 [(1− Pµ − Ppi)(1− Pµ + Ppi)− Ppi(1 + Pµ − Ppi)]
− (C∗SCV + C∗VCS)
Ppi
√
Pµ√
Pu +
√
Pd
(1− Pµ + Ppi)
+ |CS|2 P
2
pi(√
Pu +
√
Pd
)2 (1− Pµ − Ppi)}, (B4)
where
CV =
(
α
(2)
V0
Y udRR + α
(2)
W Vud
)
CS =
(
α
(2)
S1
Y udRL + (α
(2)
S2
+
1
2
α
(2)
S3
)Y udLR
)
. (B5)
from which we obtain the decay width for N → pi+µ−
Γ(N → pi+µ−) = 1
16pimN
(
fpim
2
N
2Λ2
)2 {
|CV |2 [(1− Pµ − Ppi)(1− Pµ + Ppi)− Ppi(1 + Pµ − Ppi)]
− (C∗SCV + C∗VCS)
Ppi
√
Pµ√
Pu +
√
Pd
(1− Pµ + Ppi)
+ |CS|2 P
2
pi(√
Pu +
√
Pd
)2 (1 + Pµ − Ppi)}√(1− Pµ − Ppi)2 − 4Ppi (B6)
where
Pµ =
m2µ
m2N
, Ppi =
m2pi
m2N
, Pu =
m2u
m2N
and Pd =
m2d
m2N
.
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Appendix C: The B− → µ−νγ decay.
The SM B → µνγ differential decay width in the B meson rest frame can be parameter-
ized as [46]
dΓ(B→µνγ)
dEγ
=
αemgG
2
F |V ub|2
6pi2
mBE
3
γ
(
1− 2Eγ
mB
)(
FV (Eγ)
2 + FA(Eγ)
2
)
(C1)
with form factors FV,A depending on the final photon energy Eγ. Here αemg and GF are
the fine structure and Fermi couplings. In order to perform the energy integration, we
estimate the values for the FV,A form factors taking the central values presented in figure
(8) of reference [46] 4.
We call ∆BrSM to the integrated partial branching ratio in the energy range Ecut < Eγ <
Emaxγ ,
∆BrSM =
1
ΓB
∫ Emaxγ
Ecut
dEγ
dΓ(B→µνγ)
dEγ
. (C2)
Here for kinematic reasons Emaxγ = mB/2 and the minimal photon energy infrared cutoff
Ecut is such that the theoretical QCD treatment remains valid. As we will use the
latest Belle results for the experimental limit ∆Brexp, we take Ecut = 1 GeV, as in ref.
[32]. The value we obtain for our estimation of the partial branching ratio in the SM is
∆BrSM ∼ 5× 10−7, which is of the order of the values recently considered in ref. [48].
Now we calculate the contribution of the Majorana-mediated B decay in the effective
Lagrangian formalism we want to probe. As we discussed in Sect. II we consider the process
with an intermediate on-shell Majorana neutrino in the Narrow Width Approximation. This
process is shown in Fig. 4. Under these conditions the phase space needs to be organized
in order to apply the approximation
dΓ(B→µνγ) =
Γ(B→µN)︷ ︸︸ ︷
1
2mB
∫
· · ·
∫
|MB→µN |2(2pi)4δ(4)(q − pN − p1)δ(p21 −m2µ)δ(p2N −m2N)
d4p1
(2pi)3
d4pN
(2pi)3
1
ΓN
1
2mN
|MN→νγ|2(2pi)4δ(4)(pN − p2 − k)δ(p22)δ(k2)
d4p2
(2pi)3
d4k
(2pi)3︸ ︷︷ ︸
dΓ(N→νγ)
. (C3)
4 These values are also consistent with the central values given in figures (7) and (8) of reference [47], for
the inverse moment of the leading twist light cone distribution amplitude λB value given by Belle [32].
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Here MB→µN is the amplitude presented in (A8) and MN→νγ is the amplitude of the
radiative N → νγ decay allowed by the one-loop generated operators (5) in the Lagrangian
(10), again corresponding to the second fermion family i = 2:
|MN→νγ|2 = 4v
2
Λ4
m4N(α
(2)
NBcW + α
(2)
NW sW )
2. (C4)
Thus, multiplying and dividing (C3) by the partial width Γ(N→νγ) we have
dΓ(B→µνγ) = Γ(B→µN)Br(N → νγ)dΓ
(N→νγ)
Γ(N→νγ)
(C5)
where Br(N → νγ) is the branching ratio in (13). Partially integrating the phase space, the
last factor in (C5) can be written as
1
Γ(N→νγ)
dΓ(N→νγ)
dx d cos θ
=
1
2
δ(x− 1/2) (C6)
where x = k0/mN , with k0 the energy of the photon in the Majorana N rest frame. The
distribution in the B meson rest frame is obtained by a Lorentz transformation. Here, as in
(C2) Eγ is the photon energy in the B rest frame, so
Eγ = k
0γN(1 + βN cos θ) with γN =
√
1− β2N and βN =
√
1− m
2
N
E2N
. (C7)
Calling z = Eγ/EN , where EN is the Majorana neutrino N energy in the B rest frame we
have z = x(1 + βN cos θ). We use (C7) in order to transform the distribution
1
Γ(N→νγ)
dΓ(N→νγ)
dz dx d cos θ
=
1
2
δ(x− 1/2)δ(z − x(1 + βN cos θ)). (C8)
Thus, for −1 < cos θ < 1 we have 1
2
(1− βN) < z < 12(1 + βN). Integrating in x and cos θ we
have
dΓ(B→µνγ)
dEγ
= Γ(B→µN)Br(N → νγ) 1
ENβN
with
EN
2
(1− βN) < Eγ < EN
2
(1 + βN). (C9)
In order to obtain the partial branching fraction for B → µνγ with photon energy Eγ > Ecut
we integrate (C9)
∆Breff =
∫ Emaxγ
Eminγ
dEγ
dΓ(B→µνγ)
dEγ
= Γ(B→µN)Br(N → νγ)(E
max
γ − Eminγ )
ENβN
(C10)
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FIG. 8: Integration limits for dΓ(B→µνγ)/dEγ as a function of mN .
where Eminγ = max
[
Ecut,
EN
2
(1− βN)
]
and Emaxγ =
EN
2
(1 + βN). The integration region is
shown in Fig. 8 for Ecut = 1 GeV.
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